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AND ELECTRON MICROPROBE ANALYSIS 
OP LIGNITE ASK DEPOSITS
Thomas D. Wilhelm, Master of Science 
Paeulty Advisors Professor Kube
A suitable technique for preparation of lirmite ash deposits 
for electron microprobe analyses was developed. Six samples vere 
prepared and systematically analysed on the n»i crop robe for chemical 
concentrations and distribution relationships at four separate 
positions on the tube deposit. The six samples were collected on 
air cooled tubes placed in the combustion gas stream during combustion 
of four high sodium lignites and two low sodium lignites in the 
Bureau of Mines pilot plant combustor.
Sodium-sulfur compounds were found in a layer completely 
surrounding the tube. The thickness of this layer was reduced 
when covered by the bulk of the deposit.
Sodium concentration in high sodium lignites and iron 
concentration in low sodium lignites were highest near the tube 
and decreased consistently toward the outer edge of the deposit. 
Silicon and aluminum concentrations were consistently higher 
in the deposit than in the laboratory-prepared ash, while the 
concentration of sulfur was one-third as large in the deposit 
as in the original ash.
viii
Beam scanner photographs show the relationships among 
chemical constituents in the deposits. Forty—two distinct groups 
of elements were found, each of which may represent more than one 
chemical compound.
A mechanism of deposition was proposed.
i x
PURPOSE AND SCOPE OF INVESTIGATION
The purposes of the present research were (l) to devise a 
suitable technique for preparation of samples of lignite ash taken 
from fireside deposits for elemental analysis using the electron 
microprobe, and (2) to explain the results obtained from these 
analyses in terras of a deposition mechanism. It is believed that 
this is the first study of lignite ash deposits using an electron 
microprobe. This technique permits presentation of pictures of 
the chemical relationships for the first time.
Cix North Dakota lignites were chosen for testing on 
the basis of their sodium content and origins. A high sodiiEn 
and a low sodium lignite were selected from the Yelva and Beulah 
mines. Two additional samples, one from the Olenbarold mine and 
one from the Baukol Noonan nine, were selected because their ash 
had exhibited severe fouling characteristics. Differences in chemical 




In the combustion of pulverised cool at power generating stations, 
varying degree® of boiler tube fouling have been experienced. The hot 
(softened) ash contains materials with either adhesive or electrostatic 
properties, which deposit first In a thin layer on the outer tube 
surfaces. Other ash particles which contact this initial layer 
tend to adhere physically or react chemically, forming additional 
deposits. As the inner layers are gradually shielded by the growing 
thickness of the deposit, the temperature at any given point in the 
ash deposit drops, due to the insulating effect of the ash. The 
initial layers, being cooled, develop the strength necessary to support 
the growing mass of the deposit.
If ash deposition continues, operating efficiency will be 
lowered in three ways: (1) the heat transferred to the boiler may
be reduced by two to four percent as indicated by increased stack 
gas temperature [l, p, 23; 2, p. C-b]i/; (2) soot blowers will have to 
be used more often, consuming additional generated steam, and increasing 
costly soot blower maintenance; (3) the ash buildup will hinder flow;
^Numbers in brackets refer to items in List of References.
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of combustion gases between the boiler tubes, reducing heat transfer 
and causing excessive pressure drop across the convection section of 
boilers,
Soot blowers are partially effective in removing ash deposits 
from the tubes. In operation, high-pressure steam (200 to 300 pounds 
per square inch) is ejected from the nozzle covering a circular area 
five to ten feet in radius, The ash is removed chiefly by impact and 
erosion. The quantity of steam used must be constantly increased between 
shutdowns in order to keep the heat exchange surfaces effective, A 
maximum of three percent of the generated steam may be used in soot 
blowing [3), Steam consumption thus becomes costly. Because of the 
limited effectiveness of the soot blowers, fouling cannot be fully 
controlled in this manner,
To remove the ash deposited on the tubes, the unit must be 
shut down and cooled for manual cleaning. Loss to the power company 
for a 200-megawatt generator amounts to approximately $500 per 
hour in profit [U], This large loss from unit down time emphasizes 
the importance of boiler availability in relation to operating efficiency.
The strength of the ash and, therefore, its resistance 
to cleaning, varies widely, depending on the lignite burned. Tests 
have shown that the degree of fouling caused by ash from United States 
lignites may be related to the concentration of sodium oxide in the 
ash, among other parameters [5, pp. 317-18* 6, p. Ill; 7 , p. 1^3],
k
TestB have shown that when burning some high-sodium lignites 
excessive fouling of the boiler ©ay occur in a period as short 
as three days, Low-sodium content lignites may permit running 
up to eighteen months, or more, between shutdowns,
CURRENT THEORIES OF DEPOSITION
Brown [9] studied the tendency of ash in combustion gases to 
deposit on stainless steel tubes when (l) vanadium, (2) sodium and 
sulfur, or (3) vanadium, sodium and sulfur were added to kerosene fuel. 
Without these additives there was no deposition. When the additives 
were present, ash deposited on the tubes at controlled tube temperatures 
of 1*00° to 700° C.
Evidence was found that the first deposit was formed by condensing 
sodium oxide vapor (freezing point 880° C), which reacted with sulfur 
compounds in the combustion gas to fora sodium sulfate by a solid- 
gas reaction. The rate of sodium sulfate formation was independent 
of the percentage of excess air, Indicating the ability of sodium oxide 
to react with either sulfur dioxide or sulfur trioxide.
With this work as a basis, Brown proposed four principle 
mechanisms Involved in movement of the ash to the tube surfaces
1. Inertial particle impaction on the surface.
2. Brownian particle motion in the boundary layer, resulting 
in chance deposition of particles.
3. Thermal diffusion of particles toward the tube, caused 
by the large temperature gradient between the tube and the main body 
of the combustion gases.




Molecular vapor diffusion seems to be a form of thermal 
diffusion in molecular fora instead of particle form.
Anderson and Diehl [10] conducted a study us inf? coal to determine 
the composition and foming-and-bonding characteristics of the layer 
next to the tube. He reported a white fused layer one-eighth to one- 
half inch thick. The total deposit thickness was approximately 
seven inches. In the present study the white inner layer was of the 
order of one-tenth millimeter thick. Total deposit thickness was 
one-half inch.
Initial testG by Anderson and Diehl showed that the inner white 
layer contained ©ore sulfate than co\ild be accounted for by alkalies.
Iron and aluminum were present in the water soluble portion of this 
layer.
Subsequent fusion tests showed that the presence of either 
ferric sulfate or aluminum sulfate lowered the melting point of a sodium 
sulfate-potassium sulfate mixture fro© about 815° to 5&5° C. Formation 
of iron sulfate was shown to be catalysed by sodium 
sulfate and potassium sulfate.
From their studies, Anderson and Diehl formulated the following 
deposit mechanism
1. Fly ash deposits on the tube as a powder-like material.
2. The alkali compounds in this deposit for© alkali sulfates 
by a reaction with SO3 in the deposit. The source of 80^ in 
the deposit is probably twofold; SO3 in the gas stream, and 
SO3 which has been formed from the catalytic oxidation of SOg 
in the ash deposit.
3. The deposit nearest the tube netal continuously becomes 
enriched with SO3 until a major portion of the alkali and 
alkaline earth compounds are converted to sulfates. Up to 
this point, there has been no formation of a white layer.
U. In the presence of alkali sulfates, the red iron oxide 
(FegOj) and SO3 react to fora alkali iron sulfates in a 
layer immediately next to the tube. The resulting compounds 
no longer have the characteristic red color of Fe203» but 
instead are white or yellow-white, characteristic of the 
alkali iron sulfates. Gimilarly, the alkali aluroinum sulfates 
are fomed from alkali, sulfates, alumina, and SO3.
5* In the presence of the alkali sulfates, the alkali iron 
and alltali aluminum sulfates fora low-melting phases which 
soften at tube metal temperatures and fora a tightly adherent 
bond to the tube metal.
6. Wiese reactions continue with time and cause the white 
inner layer to increase in thickness.
7. Simultaneously with formation of the white layer, the 
outer layer is undergoing a sintering process during which 
the alkali sulfates form a bond in the fly ash.
8. As more fly ash deposits on the outer layer, the surface 
temperature increases, thereby accelerating the sintering 
process.
9» The surface temperature of the deposit ultimately becomes 
high enough to melt the alkali sulfate and the amount of 
fly ash which sticks to the deposit is increased and an 
accelerated rate of build-up takes place. In the higher 
temperature regions alkali silicates are formed Instead 
of the alkali sulfates and the result is a strong fused 
glassy bond in the extreme outer layer.
This mechanism leaves at least one question unanswered: why
are alkali iron sulfates not formed in equal quantity in the bulk of
the deposit?
Grant and Weymouth [ll] used two small pulverised fuel combustors 
to collect deposits, for chemical analyses, from combustion of Australian 
brown coal. The collector plate temperature vas varied between 100° 
and 900° C. Up to 300° C the collected material was principally sodium 
chloride. At approximately 500° C the sodium chloride deposition declined 
and was replaced by calcium sulfate deposition. It was speculated that 
the sodium chloride reacted with sulfur dioxide or sulfur trioxide to form
sodium sulfate. At 700° C iron oxide and iron magnesium compounds 
appeared. They persisted to 900° C, where softening and fusion of the 
ash began to control deposit growth.
The role of calcium sulfate was investigated. It was considered 
to be a major bonding matrix, format)le fron several combinations of 
calcium, sulfur, sulfur dioxide, sulfur trioxide, and calcium sulfide.
Gamer [12] subjected forty-seven coals, of a variety of 
compositions, to ten-hour combustion tests in a pulverised-fuel-fired 
pilot burner. Chemical analyses were made of each inner and outer 
layer. These analyses were correlated separately by numerical methods. 
Resulting correlations could be expressed by an exponential or a linear 
equation. The coefficients and exponents were determined to give the 
best fit to the following equations:
Y1 “ K caA x °bB x CeC x CdD...
y2 * A(Ca ) + B(Cb) + C(Cc ) ♦  D(Cd ) *..
Yi and Y2 “ weight of deposit.
CR , Cfc, Cc , Cd... are concentrations of inorganic constituents
a, b, c, d... in the ash deposits.
A, B, C, D... are the calculated coefficients.
Each element was then tested by regression methods to determine 
its significance in contributing to the weight of the accumulated ash.
In the linear correlation, the magnitude of coefficients indicated 
sodium and magnesium to be most important in contribution to fouling, 
said calcium and silica to be of less importance with iron of inter­
mediate value. In exponential form, sodium exhibited the highest 
exponent, iron the next highest, and silica the lowest.
9
Gronhovd [5] conducted a series of controlled tests burning 
lignite at the Otter Tail Power Cortpany*s Hoot Lake station. He measured 
fouling tendencies of several lignites differentiated only by sodium 
content in the ash, and found strong correlations between sodium content 
and fouling tendency. Lignite with eight to nine percent sodium in 
the ash plugged the air passages in three days* operation. Lignite with 
two percent sodium caused no severe fouling problems in twenty days* 
operation.
Gronhovd concluded that the inner layer which completely 
surrounded the tubes was formed by diffusion of condensing sodium- 
rich vaporB through the gaa boundary layer. The heavy sinter deposit 
built up only on the upstream side of the tube. This outer layer was 
consistently enriched in iron and silicon. Iron enrichment was 
explained by the greater impacting efficiency of heavier iron-containing 
particles. Ho satisfactory explanation for the silicon enrichment 
was advanced. After the initial deposition of the white layer, the 
surface temperature of the deposit increased, and the sinter-type 
deposit built up at an accelerated rate as the ash fusion temperature 
was approached.
PROCEDURE
For satisfactory microprobe examination,, vertical variations 
in the sample surface must not exceed two to three microns. Ash 
samples collected from boiler tube surfaces are usually a conglomeration 
of fused and/or sintered solid and hollow spheres and inclusionsv 
which have irregular surfaces. Compressive strength of the deposit 
is usually too low to permit polishing in the original state.
It was necessary to develop a satisfactory method of impregnating 
the ash with a suitable binder to improve its polishing characteristics. 
Only after this technique was developed could the samples be satisfactorily 
examined using the electron mircoprobe.
The deposits used in this study were collected in the Bureau’s 
laboratory pilot plant combustor (see Appendix A) on air-cooled, one-half 
inch stainless steel tubing. Samples were collected during one hour's 
operation. Tribe temperature was 535° + 25° C. The collector tube was 
in the simulated superheater area - gas temperature 1,100° C. Gas 
velocity was thirty feet per second. Heat release rate was 13,000 
Btu/ft3 hr. These conditions closely approximate those in a commercial 
furnace.
Phase I - Impregnation
After unsuccessful attempts to use a synthetic Canadian balsam 
resin, satisfactory results were obtained with epoxy resin C-7 with
10
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activator K-U3^/. Rosin and activator were nixed in a ratio of 
two to one respectively, the ratio not being critical.
Two sample holders were constructed (see Figure 1)s (l) a brass 
upright cylinder one inch inside diameter for use with small samples 
apart fro© the tube, and (2) a cutaway section of a horizontal one and 
one-half inch inside diameter steel pipe, six inches long, fitted with 
cisiap-on ends, for samples still adhering to the collection tube.
The sample holder was covered inside with a moderate layer of 
silicone stopcock grease (petroleum Jelly wan ineffective for protecting 
the ample holder tram epoxy resin). The sample holder containing the 
sample was placed in a vacuum desiccator and evacuated to one to three 
millimeters absolute pressure with a mechanical purap, thus removing air 
from the inner pores of the sample. Vacuum was maintained for three 
to four hours to allow the interstices of the sample to reach equilibria 
with their surroundings. The rosin and activator were mixed as needed 
sod admitted throu^i the top in portions sufficient to cover the sample j 
meanwhile maintaining reduced pressure by continued pumping. Puraping 
was continued until the rapid evolution and rising of bubbles ceased.
At no time did bubbling cease entirely, but the profuse bubbling declined 
to an occasional bubble approximately every fifteen seconds from deep 
within the resin.
At this stage essentially all the air had been removed from 
the sample and the sample enclosed in the liquid epoxy resin. Air was 
slowly admitted to the system, restoring atmospheric pressure in about
^Armstrong Products Company, Inc., Warsaw, Indiana.
/ Vacuum pump
2 Liquid nitrogen cooled trap
3 Liquid resin
4 Foaming resin under vacuum
5 Sample holder
6 Vacuum desiccator








Fig I Impregnating system and sample holders.
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three minutes. The increased pressure forced the resin into the pores 
of the sample.
The resin was then cured by either heating in an oven at 
70° C for four ho w s  or standing at r o m  temperature for thirty- 
six hours. The latter method gave better dimensional stability,
•Hie hardened rosin, containing the sample, was then removed from 
the mold and the silicone grease removed using facial tissues.
This technique produced a sample with characteristics 
satisfactory for polishing. It was also suitable for embedding 
coal samples having full moisture content, as well as other solid 
coal substances, such as dried coal, char, or coke.
Phase IX - Cutting, Grinding and Polishing
The ash sample had been entirely encased in hardened resin 
[8a, b]» Because of the vacuum impregnation, the pores inside the 
sample had been filled with resin. The Impregnated sample could be 
cut without crumbling which solved the major problem in sample preparation.
The samples were cut on a band saw into lengths of less than 
one inch; excess resin was removed with a belt aander. Prior to 
grinding, the samples were mounted on mieroprobe sample holders, 
using Lakeside 70 as the bonding agent.
A smooth surface was eut with 120 grit grinding paper. The 
sample was then ground with successively finer grades of paper- 
180, 2b0, 320, hOO, and 600 grits— turning the sample 90° between 
each grade. Care was taken on those samples having metal tube 
inclusions to not grind in a direction that would carry grinding
ll»
particles from the tube to the ash (see Figure 2), This procedure 
minimized metal carry-over onto the ash sample} but theoretically 
eliminated it only at point A. (At best, these directions are 
approximations and must be treated as such.) Each stage of grinding 
was terminated approximately thirty seconds after the grinding 
marks of the previous grade (at a 90° angle to new grinding) were 
completely eradicated. As soon as the 600 grit grinding was finished, 
the sample was ready for polishing.
Polishing was done in four steps with four sizes of diamond 
polishing corapound—  nine, six, three, and one micron sizes. The 
polishing compound (paste form) wan distributed sparsely (dye from 
polishing compound barely visible) on the polishing cloth.3/ Lapping 
oil was spread across the radius of the rotating polishing wheel.
The sample was then polished using the same technique as grinding, 
except that it became increasingly difficult to determine when 
a step was finished. The completion of each step was verified 
by examination at 200x under a microscope. The sample was then 
submitted for electron aicroprobe analysis.
Phase III - Analysis of Samples 
Description of Electron Microprobe
The Norelco AMR/3 Electron Probe Microanalyzer is an analytical 
instrument capable of making direct, nondestructive, chemical analyses
^Metcloth was used with nine and six micron polishing compounds; 
texmet polishing cloth with three and one micron polishing compounds.
A. I. Beuhler, Inc., Evanston, Illinois.
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Fig 2 Cross-sect ion of boiler tube and ash deposit.
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of a sample leas than one square micron in area and about, one micron 
In depth. It uses a high energy electron beam which is focused by two 
electromagnetic lemon (see Figure 3). Wien the electron beam bombards 
the sample* three different signals, or outputs, are produced:
1, X-ray radiation from the elements,
2, Sample current due to absorption of electrons by 
the sample,
3, Back scatter current from reflected electrons.
The X-ray radiation from the sample enters the vacuum gonio­
meter where it in diffracted, in a manner similar to diffraction of 
visible light by a glass prism, %  the analysing crystal according 
to Bragg's Lav:
n A « 2d sin 0
where n ** an integer representing different orders,
A. * wavelength of X-ray radiation emitted by the ample, 
d « spacing of planes in the analysing crystal.
0 » the Bragg angle (see Figure 3).
The diffracted beam enters a detector. The detector sends a signal 
to the electronic output panel where It is amplified and filtered.
The number of pulses, which is directly related to element concentration 
in the sample, is counted and appears cm a digital readout panel.
The been scanner attachment permits scanning of the sample 
by the electron beam in a manner similar to the action of a television 
picture tube. The area scanned by the be®??, was 320 microns square.
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Fig 3 Electron microprobe.
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The electron bean scan is automatically synchronized with the two oscilloscopes
mounted in the bean scanner panel. The signal from the X -ray detector
may be monitored by the grid of one oscilloscope. The resulting
picture on the oscilloscope screen is an element map of the sample
under the electron bean. The sample current and back scatter signals
can be displayed on the second oscilloscope screen.
Examination Technique
Each polished surface was coated under vacuum with a layer of 
carbon (estimated thickness, fifty microns) to improve conductivity 
of the surface. The coated sample was then inserted into the raicroprobe 
and analyzed using the following procedure (see Figure U).
The sample was scanned over a 320 micron square area at positions 
one, two, three, four, and five.li/ Seven elements routinely scanned 
were: sodium, magnesium, calcium, iron, aluminum, silicon, and sulfur. 
Potassium was not found in quantities greater than one percent. The 
counts on all scans were recorded for the time of two sweeps— about 
fifty-three seconds. At the same tine, a photograph was token of the 
X-ray signals displayed on the beam scanner.
To estimate the concentrations of elements in the unknown samples, 
the raicroprobe output was standardized. Using a sample of known uniform 
composition, each element was counted for ten to fifty seconds, depending
V h e  thin layer of ash at positions one and two contributed to 
such a small percentage of the area scanned that they were not considered 




Fig 4 Positions exomined by microprobe.
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on the signal intensity. Assuming a linear relationship between counting 
rate and concentration, the number of counts was converted to counting 
rate per one percent concentration (see Appendix B). This standardization 
permitted an approximate analysis of each scan area covered by the 
beam scanner, I'toei this data, and the photographs of sample X-ray emissions, 
the relationships of chemical arrangements were derived.
DISCUSSION AND RESULTS
Photographic Representation of Elements
Two of the six sets of pictures are presented in figures 5 
through 12. Figures 5 throu# 0 (l?3Q) represent deposits from a high 
sodium lignite. Figures 9 through 12 (LSV) represent a low nodi urn 
lignite. Each page, containing eight pictures, is the composite 
representation of the distribution of the seven chemical elements 
at one position in the sample. The eighth picture represents the 
sample current pattern. Changes in concentrations of the elements 
of interest in going from the Inner layer to the outer layer were 
detected by taking data at three positions, covering the depth 
of each sample (see Figure 2). Each position was square, the length 
of a side being 320 microns. Nine hundred sixty microns (the sum 
of the lengths of the three positions perpendicular to the tube) 
represented one-fifth to one-tenth the total thickness of the ash 
deposit. The concentrations of individual elements in the deposit 
were found to be unique for each lignite tested (see Table 1).
Figure 5 shows the presence of a 3odium-sulfur compound 
at position 2, adjacent to the tube. Wie signal for iron is negligible. 
Figure 6, at position 3, shows less sodium and less sulfur, but 
a high concentration of iron. These pictures are representative 
of a high-fouling lignite. Original ash analyses show a high concen­


















Fig. 6— X-ray and sample current output patterns, N30, position 3.
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Fig. 9— X-ray and sample current output patterns, LSV, position 2.
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Fig. 12— X-ray and sample current output patterns, LSV, position 5
TABLE 1
COMPARISON OF CONCENTRATIONS IN LABORATORY PREPARED COAL ASH WITH CONCENTRATIONS IN TUBE DEPOSITS
Naj>0 MgO CaO Fe203 AI2O3 SiOg SO3
Coal Title CAa CLP INCc CA CD INC CA CD INC CA CD INC CA CD INC CA CD INC CA CD INC
HSV 8.8 9.0 2 9.2 12.3 3b 1*1.0 38.1 -7 b.6 6.2 35 7.b 9.5 28 lb.o 26.7 91 1 1. b 5.0 -56
LSV 2.5 1.9 -20 5.8 5.3 ! -9 31.2 2b.b -22 2.8 2.0 -29 13.8 13.0 -6 31.5 b8.8 55 6.2 3.8 -39
HSR & b 11.9 b2 6.3 9.1* 1*9 17.1 2b. 0 bO 10.3 b .6 -63 9.1 15.9 75 17.5 27.5 57 27.6 1 1 .1 •60
LSB 1.0 1.6 ♦6o 5.1 8.6 69 20.0 2b .6 23 15.2 8.1 -b7 12.0 20.5 - 71 16.9 2b.b bb 27.1 11.6 -57
N30 20.2 23.5 16 b.l 5.8 bl 19.0 17. b -8 7.8 7.6 -3 9.1 13.9 53 19.1 30.6 60 lb. 7 1.9 -87
TS 9.5 11.5 21 5.2 6.3 21 21.7 27.0 2b 12.0 lb.5 21 8.7 10.6 22 16 .1 28.0 7b 2b . 9 1.3 -95





17.9 33.9 3.6 -18.2 39.0 61.0 -69.0
®CA a Percentage concentration in laboratory prepared ash.
bCD » Percentage concentration in deposit, as calculated from microprobe data.
CINC ■ CD - CA x 100 * Percentage increase in concentration from CA to CD.
CA
31
Figures 9 and 10 show the X-ray patterns for a low fouling 
lignite. Sodium and sulfur signals are weak at both positions 2 and 3.
Calctun, aluminum and silicon signals are strong. For this type of 
deposit, the original ash shows minimal concentrations of sodlt® and 
sulfur.
From these pictures, it can be concluded that high concentrations 
of calcium, aluminum and silicon are not, of themselves, undesirable. 
Considerable quantities of iron may be necessary for formation of a 
strong ash, unless the sodium content is extremely high. The deposition 
of iron on the tube is presumably brought about by its inertial impaction. 
The lack of deposition at position 2 is due to the lack of impaction 
at that point.
Calculation of Relative Concentrations and 
Relationships of Elements
Changes in Ash Deposit Concentrations Between Positions
The percentage of the area scanned which contained inorganic 
constituents varied between nine and eighty-one percent depending on 
the void volume of the deposits (voids were filled with epoxy resin).
The calculated concentrations were normalised to account for this variation 
(see Appendix B)« On the basis of these normalised data, average concen­
trations of each of the seven elements were calculated for each position for 
the four high sodium lignites and for the two low sodium lignites. These 
arithmetic means were used to detect element concentration changes 
between positions three and five for the high sodium group and the 
low sodium group (see Appendix C). A concentration was said to change
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between positions three and five if it met all the following criteria:
1. Change between positions three and five had to be consistent
in sign.
2. Minimum change in concentration was two percentage units 
(for example, eighteen to twenty percent or seven to five percent).
3. Minimum change in concentration was twenty percent
of the concentration present at position three (for example, twenty 
percent of a fifteen percent concentration at position three is three 
percent. Thus, the concentration at position five must be either less 
than twelve or greater than eighteen to meet criterion number three).
Using these criteria, the following elements were said to change 
in concentration (see Figures 13a, 13b, and lU):
1. Sodium oxide in high sodium coals decreased thirty-seven 
percent from position three to position five.
2. Iron oxide in low sodium coals decreased forty-two percent 
from position three to position five.
Calcium oxide narrowly missed meeting the criteria, increasing 
consistently by eighteen percent. The high concentration of sodium 
at position three may be caused by highly concentrated sodium next to 
the tube, which was found in four of the six ashes examined (see 
Figures 2, and 5 through 12), Ho other characteristics were found 
peculiar to either high-sodium or low-aodium lignites.
Ho differences were found which could be attributed only to 
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Comparison of Concentrations in the Ash Deposits with 
Concentrations in the Original Ashes
A comparison of the elemental concentrations in the original 
lignite ashes, as determined by laboratory ashing, with those in 
the deposits indicated the following selectiTitles of deposition 
along the axes of the deposits, (if at least five of the six samples 
showed only a loss or a gain in the element in comparison to the 
laboratory-ashed samples, positive (or negative) selectivity of 
deposition was said to exist) (see Figure lU and Appendix C)i
1, Magnesium oxide concentration was nineteen percent greater 
in the tube deposit than in the ash.
2, Aluminum oxide concentration was thirty-seven percent greater 
in the tub© deposit than in the ash.
3, Silicon dioxide concentration was fifty-three percent greater 
In the tube deposit than in the ash.
Sulfur concentration, as trioxide, was thirty-three percent 
as large in the tube deposit as in the ash.
The significance of magnesium has previously been reported by 
Garner [12, p. 231] in the ashes of Victorian brown coals. However, 
he found no evidence of selective deposition of either silicon or 
aluminum, both of which were found in the present work. He did find 
selective deposition of iron oxide and sodium oxide, neither of which 
were found here. In the present work, the low tendency of sulfur oxides 
to combine with the bulk of the ash deposit is of interest in light of 
the number of fouling problems relating to sulfates [7 , 3].
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Identification and Discussion of Observed Chemical Relationships
A list was prepared containing each group of elements which 
appeared at any point in any of the samples. Bach group in the list 
contained the following information:
1 . She total area covered by each group, expressed as 
photograph grid squares.
2. The deposit source as low sodium (less than four percent 
sodium oxide in the ash) or high sodium (more than four percent 
sodium oxide in the ash).
3. Area appearing under each position - three, four, and five.
An element was considered as part of a group if its X-ray
pattern on the beam scanner picture appeared at any point which was 
also occupied by the rest of the members of the group as evidenced by 
the pictures of those individual elements. By this method, forty- 
two different groups of elements were identified (see Table 2).
The listing of forty-two groups say be chemically misleading, since 
the method does not distinguish between and FejOl*, nor among FeS,
FeSOl*, and Fep(00^)3. This list of groups may, therefore, contain 
more than forty-two compounds.
The identification procedure cannot be considered rigorously 
definitive. There is an inherent restriction that the elements in any 
given area nay overlap into the area of another group. Such overlap 
involves both discrete groups. The overlap area is considered 
as a third group, or fourth if not all elements of the two groups
TABLE 2















Ha 1 1 0 0 1 0
Cft 18 11 6 1 17 1
Fte 7 2 1 h 5 2
Si 7 0 5 2 5 2
0 2 0 2 0 0 2
Ha, Mg 1 0 1 0 1 0
Ha, Fe h h 0 0 0 k
Ha, S 11 11 0 0 11 0
Mg, Fe 1 1 0 0 1 0
Ca, Fe 18 9 2 7 16 2
Ca, SI 25 0 0 25 25 0
Ca, S 8 3 k 1 1 7
Fe, Si 3 0 0 3 3 0
Fe, S 3 3 0 0 1 2
Al, Si 5 k 1 0 5 0
Ha, Mg, Pc 1 1 0 0 1 0
Ha, Al, Si 16 9 5 2 k 12
Al| S 1 1 0 0 1 0
Mg, Ca, Fe k k 0 0 k 0
Mg, Ca, Al 1 1 0 0 1 0
Mg, Ca, S 15 15 0 0 0 15
Mg, Fe, Al 8 0 8 0 8 0
Mg, Fe, S 3 3 0 0 2 1
Mg, Al, Si 5 0 5 0 o 5
Mg, Al, S 1 0 1 0 0 1
C&i Fc| Al 3 1 2 0 1 2
Ca, Al, Si 50 30 10 10 15 35
Ca, Al, S 1 0 1 0 0 1



















Na, Ca, Al, Si 27 17 1 9 2k 3Na, Ca, Al, S 1 0 1 0 1 0
M*, Ca, Al, Si 18 10 5 3 9 9Ca, Fe, Al, Si 19 1 18 0 0 19
Na, Mg, Ca, Fe, S 1 0 0 1 0 1
Na, Mg, Ca, Al, Si 2 0 2 0 0 2
Mg, Ca, Pe, Al, Si 16 2 0 lb 0 16
Mg, Ca, Fe, Al, 8 1 1 0 0 0 1
Mg, Ca, Al, Si, S 3 1 2 0 0 3
Mg, Fe, Al, Si, 8 3 0 0 3 3 0
Na, Jig, Ca, Fe, Al, SI 3b 0 0 3U 3** 0
Na, Mg, Ca, Al, Si, S 30 0 30 0 30 0
Mg, Ca, Fe, Al, Si, S 1 0 1 0 1 0
Na, Mg, Ca, Fe, Al, Si, S 128 0 58 70 108 20
Totals 510 1H6 171 189 339 167
ho
overlap In the name place. These principles nay be seen in the 
beam scanner pictures (see Figures 5 through 12).
Wo attempt was made to identify specific compounds. However, 
calcium and sodium aluminosilicates and calcium sulfates are well- 
known components In lignite ash [7, p. 103]. Groups corresponding to 
these; compounds have been found (see Table 2).
Areas of the ash which contain a well-nixed conglomeration of 
all the elements studied have not been discussed appreciably in the 
literature. The phenomenon of six or all seven of the elements under 
consideration being blended together seems to be independent of the 
sodium content once the distance from the position in the ash to 
the tube wall has reached a given critical magnitude. This magnitude 
has not been generally identified, although it should be a function 
of the insulating properties of the ash involved. It is believed 
that, at this point, the ash holds any particle which impinges 
upon it. The physical and chemical properties of the deposit will 
vary with the inorganic chemical constituents and their relative 
percentages present in the coal ash, which differ for each coal.
For example, the breaking strength of one ash may be twice that 
of another, even though both may show random mixing of all seven 
elements [13].
00NCLU8IOTS
The method of sample preparation developed and employed appears 
to present a satis factory surface for electron microprobe analyses.
For the samples obtained under the tost conditions employed, the electron 
microprobe analyses showed that both iron oxide and sodium oxide were 
selectively deposited on the boiler tube, but not in the main portion 
of the deposit. In all cases, aulfur appeared in lower concentration 
in the deposit than in the laboratory prepared ash. Aluminum and silicon 
were selectively deposited at all positions studied. Aluminum-silicon 
compounds appear to have survived chemically, the transition from lignite 
inclusions [7, p. 103] to deposit material cm the ti*be. This implies 
no detected chemical changes for aluminosilicates during combustion.
Selective deposition in the bulk of the ash denonit, then, can be attributed 
to excessive impaction (limited deflection) by larger-than-average particles.
The following deposit mechanism is proposed:
1. Initially, a thin deposit forms which extends completely 
around the tube. This deposit is usually rich in sodium and may be 
deposited by condensation after diffusion through the gaseous boundary 
layer.




3. The inorganic material from the ash, sots© in molten 
or softened form, impinges on the deposit. The soft material mingles 
physically and holds any solid particles which encounter its surface. 
This is the beginning of the bulk deposit, which builds into the gas 
stream,
k. The outer layer becomes an effective insulation. 
Temperature of the deposit next to the tube wall decreases,
3, The growing deposit insulates successive layers, causing 
the covered deposits to harden,
6, As the temperature of the deposit rises, ineombustibles 
stick indiscriminately.
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2800/20 sec 1U00 21*6 5.T 10 .1
Si 9310/20
9 3 W 2 Q
sec
sec
9325/20 sec 1*663 283 16.5 29.1
S 2730/20 sec 2705/20 sec 1352 230 5.9 10.1*
2660/20 see ,
Total 56,6 100.0




(1) Concentration change between positions 3 and 5
Concentration at position 5, 11.3 percent
Concentration at position 3, 18.0 percent
Concentration change between positions 3 and 5, -6.7 percent
(2) Percentage change in concentration between positions 3 and 5
11.3 - l8,0
18.0 x 100
** -37.2 percent change in concentration 
between positions 3 end 5
(3) Selectivity of deposition (change in concentration between 
laboratory prepared ash and tube deposit)
Concentration in laboratory prepared ash 19.2 percent 
Concentration in tube ash deposit 29.^ percent
?.9,h - 19.2 x 100 *» 53.1 percent increase in concentration
19.2
in tube deposit, indicates selective 
deposition of this element.
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